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Abstract
In this thesis, the characterisation of the tunnelling current between two
has been researched as well as the viability of nucleotide detection in a
graphene nanogap. The results of IV- and Iz-spectroscopy show
reproducible tunnelling currents, confirming the viability of the graphene
tunable nanogap. For nucleotide detection there are two promising
techniques. The measurement of deviations in the tunnelling current [1] or
the investigation of conductance traces [2]. However, no single nucleotide
measurements have been performed, due to too long graphene etching,
polymer contamination and too long RC time.
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CHAPTER 1
INTRODUCTION
DNA is the molecule containing all genetic information of humans and
other organism. It accommodates the information about reproduction, growth,
development and functioning. The genetic code is written in the sequence
of nucleotides with four chemical bases. Therefore it is important to have a
reliable method to sequence the DNA. Current sequence methods like the
Sanger-method [3] and its faster form called 454-method have a processing
time which is too long and can only be used for small parts of DNA. The
size of a DNA strand is around 10.000 times the size which readable with
current technology.
Because of these disadvantages, scientists have been researching new
methods to sequence DNA. The goals are sequencing longer strands in a
shorter amount of time with optimal accuracy. There have been several
proposals most of them consist of graphene nanodevices as been discussed
in the paper from Heermal et al. [4]. The paper discussed four different
methods for DNA sequencing which are displayed in figure 1.1.
The methods shown in the figures 1.1.a and 1.1.c both use translocation
of DNA through a nanopore. The difference is that in a the ionic current is
measured and in c the in-plance current of the graphene.
The graphene is strong enough to form a freestanding membrane which
simplifies the translocation process due to the absence of a substrate. How-
ever, the disadvantages of this method are the lack of true atomic control,
the increase in noise levels and the clogging of DNA due to interaction be-
tween the nucleobases and graphene [4].
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Figure 1.1: Figure portraying the four different types of DNA sequencing studied
by Heerema et al.1.1. a) The detection of change in the ionic current, perpendicular
to the graphene due to passage of DNA through the nanopore. b) Changes of
the tunnelling current between two graphene electrodes during the translocation
of the DNA strand. c) Changes in the in-plane current of the graphene due to a
DNA strand pulled through the nanopore. d) The change in the in-plane graphene
current caused by physisorption of DNA bases onto the graphene.
The method shown in figure 1.1.d is the measurement of the change of
in-plane current due to physisorption of the DNA bases onto the graphene.
However, theoretical and experimental investigations have shown that three
of the four bases have similar interaction strength. Resulting in uncertain-
ties in the DNA sequence. Another disadvantage is the challenge to make
a nanoribbon small enough to couple only a single nucleotide.
Due to the disadvantages of the other three potential methods, we have
chosen to sequence DNA by measuring the change in tunnelling current
through a nanogap structure portrayed in figure 1.1.b.
The detection single nucleotides by using a tunnelling junction has been
done before by Tsutsi et al. [1] where gold electrodes were used to de-
tect single nucleotide. However, the size of a single nucleotide is around
0.34nm [5], which is smaller than the radius of a gold electrode. Hence,
gold electrodes cannot be used when sequence DNA, since the electrodes
are not able to pinpoint a single nucleotide. Therefore, optimal resolution of
a single nucleotide cannot be reached. Graphene is a material with a thick-
ness of a single atom layer, which means that a graphene junction should
be able to pinpoint one single nucleotide.
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3There has also been done research in tunnelling current devices which
have been made with the use of ultra high resolution electron-beam lithog-
raphy and electronburning [6][7][8]. The electron beam lithography (e-
beam lithography) is used in the process of depositing metal contacts. The
electronburning is a method where the voltage over a graphene sample is
ramped up, resulting in removal of carbon atoms. This process starts in
the middle of the material and spreads over time, creating two separate
electrodes.
These methods consist of fixed graphene electrodes. The method of elec-
tronburning is not very reliable on the shape and size of the gap it creates.
The other downside is the presence of a substrate, which prevents measur-
ing more bulky types of molecules. Or in the case of DNA to pull a DNA
strand through a nano-junction.
These objections are the reason why we propose a graphene tunnelling
junction using a Scanning Tunnelling Microscope (STM). Using this method
means having the advantage of a tunable gap, making it usable for any
length of molecule. The gap size is not depending on the preparation of
graphene electrodes which would increase the success rate of this method.
And the tunable gap size prevents the clogging of nucleotides, which makes
it a more promising technique than DNA translocation in nanopores.
Hence, we are researching the viability of single nucleotide detection
with an STM operated nanogap.
So far an STM set-up has been created. There has been done study on
the alignment and working of the STM itself. The preparation of graphene
samples has also been investigated.This report is focussing on the detec-
tion of a tunnelling current in a graphene junction and the first steps in the
detection of single nucleotides.
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CHAPTER 2
THEORY
2.1 Graphene
Chemical properties
Graphene is a two dimensional material with a hexagonal structure con-
sisting of carbon atoms. Two free electrons per carbon atom at the edge are
available for chemical reactions. Due to the high number of free electrons
per atom, the chemical reactivity of a graphene is outstanding. The atoms
on the edge of graphene sheet has two different configurations: the zigzag
and armchair [9]. Both configurations are seen in figure 2.1 and result in the
highest number of atoms at the edge of the material than any other carbon
allotrope has.
The electrons coupled to the edge of the graphene have different chem-
ical reactivity and electrical properties than electrons coupled to the basal
plane. This is because the energy of the electrons at the edge is higher than
elsewhere in the graphene [10][11].
Electrical properties
Graphene is a zero-gap semiconductor. The electron mobility of graphene
is very high with a mobility of 200, 000cm2V−1s−1 at an electron density of
2 ∗ 1011cm−2 [12].
However, the electrical properties of graphene are very susceptible to
contamination. Dirt on the graphene can change the electrical properties of
the material. This leads to non-reproducible IV and Iz spectroscopy when
one is working in a non-vacuum environment.
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Figure 2.1: schematic representation of the two graphene edge configuration: the
armchair (orange) and the zigzag (blue). The type of edge is depending on the
ribbon axis [10]. Copyright: Empa Pictures
2.2 Nucleotides
Nucleotides are the building blocks of any nucleic acid. The most famous
nucleic acid is Deoxyribonucleic acid (DNA). Nucleotides consist of three
different parts. A nitrogenous base, a five carbon sugar (deoxyribose or
ribose molecule) and at least one phosphate group. The are four types of
nitrogenous bases: adenine (A), cytosine (C), guanine (G) and thymine (T).
All four of them are shown in figure 2.2.
Figure 2.2: Molecular structure of the four nucleoside monophosphate groups of
DNA.
6
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All these molecules are monomers which can form supramolecular poly-
mers by directional and reversible non-covalent interactions.
2.3 Scanning Tunnelling Microscope (STM)
The Scanning Tunnelling Microscope (STM) has been invented by G.Binnig
and H. Roher in 1981 [13]. This device uses the principles of Quantum
Tunnelling to image the surface of a conducting material.
When two electrodes are a few Angstroms away from each other, the
electron wavefunctions of both will overlap. As a result, electrons cab tun-
nel from one electrode to the other. If a bias voltage is applied on one elec-
trode, a net tunnelling current occurs. This current is known as the result
of quantum tunnelling [14].
The feedback system compares the current value to the setpoint and ap-
plies a voltage on the piezoelements to adjust the gap size between the
electrodes and keep the current constant.
Current-Voltage spectroscopy
Current-Voltage spectroscopy (IV spectroscopy) is measures the change in
tunnelling current as the bias voltage is swept. The feedback loop of the
STM, which keeps the gap distance constant, is switched off during the
voltage sweep. After the measurement, the bias voltage is restored by its
pre-set value and the feedback is switched on again [15].
The dependence of the current on the bias voltage for a symmetric bar-
rier is given by equation 2.1.
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Where J is the current density, e is the charge of a single electro, h is the
Planck constant, V is the bias voltage over the system, m is the mass of a
single electron and s is the width of the insulating barrier between the elec-
trodes, and φ0 is the height of the rectangular barrier. The average height
of the symmetric barrier is approximately the same as the workfunction ψ.
The workfunction is the amount of energy required to move an electron
from the metal surface to vacuum.
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Current-Distance spectroscopy
Current-Distance spectroscopy (Iz spectroscopy) measures the tunnelling
current, while the distance between the electrodes is varied. This variation
of the distance between electrodes is done by changing the voltage over
the pie¨zo motors which are responsible for the tip movement. A negative
pie¨zo voltage results in a decrease of tunnel distance and a positive volt-
age results in an increase of distance between the electrodes. This kind of
spectroscopy is used to see if the tunnelling current is indeed exponentially
dependent the gap distance [15].
2.4 Atomic Force Microscope (AFM)
The Atomic Force Microscope (AFM) is an instrument introduced by Binnig
et al, [16] and is similar to the STM. Both microscopes are generally used
to image surfaces with atomic resolution and, in general, use a tip to scan
the surface. However, where the STM can only be used for conducting
materials, AFM also works for insulators. The AFM measures the van der
Waals forces. The force is detected by measuring the resulting deflection
of the cantilever on which the tip is attached. This deflection signal is also
used as input signal for the feedback system [14].
8
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2.5 Scanning Electron Microscope (SEM)
The Scanning Electron Microscope is a type low electron microscope. An
electron beam shoots electrons, which interact with the atoms and elec-
trons on the sample surface. These interactions release secondary electrons
which are caught by an electric field. The energy difference between these
electrons forms the contrast of the image. The resolution of the SEM are
depending on the instrument itself and can vary between 1nm and 20nm
[17].
2.6 Raman spectroscopy
Raman spectroscopy or Raman mapping is a method used to observe vi-
brational modes of a material. A laser excites the sample surface which
releases phonons due to inelastic Raman scattering[18]. The phonons are
bound to vibrational modes which shift the wavelength of the laser light.
This shift is measured and processed in the Raman spectra of the mate-
rial. With Raman spectroscopy, one can detect defects in the material and
determine the uniformity.
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CHAPTER 3
TUNNELING JUNCTION
3.1 Methodology
3.1.1 Experimental set-up
STM
Figure 3.1: Picture of the STM. The blue arrows show the position of the samples
inside the sample holders. The red arrow indicates the slider which is moved by
six 6 piezostacks that move the slider along the z-direction . The green arrow
indicate the place of the XY piezo stacks.
The main apparatus of this experiment is the Scanning Tunnelling micro-
scope, the one seen in figure 3.1. The piezo actuators are on the places
indicated by the green and red arrow. All of the piezo actuators used in
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the STM are shear piezo stacks. There are six 6 piezostacks that move the
slider along the z-direction on the right in figure 3.1, and a XY piezo stack
can be seen on the left. The Z piezo actuators are used to control the dis-
tance between the samples, hence creating the tunable gap we wanted. The
XY piezo can move the sample along x or y axes and are used to probe
different locations on the graphene edges .
The samples are indicated by the blue arrows. The STM is modified for
our specific experiment. Instead of containing a sample and tip, this STM
has two samples are used to investigate Single Molecule Junctions (SMJ).
There is a bias voltage applied over the samples and, when the graphene is
in tunnelling distance, the resulting current is measured.
The sample holders are tilted as seen in figure 3.2. As a result, the dis-
tance between the graphene samples is smaller than between the silicon
substrate. This is done in order to prevent the possibility Si contribution to
the tunnelling junction [10].
Figure 3.2: Schematic representation of the sample holders.
The tunnelling current measured by the STM is amplified by a current
preamplifier, which has a gain of 108 unless noted otherwise. This current
is used as the input of the feedback. Feedback loops are prevented by con-
necting the STM with a ground wire to its controller.
12
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RHK
The front and back of the controller are seen in figure 3.3.
Figure 3.3: On the left: the front panel of the RHK SPM 100. On the right: the back
panel.
The SPM controller provides the high voltage for the piezoelements, as
well as the bias voltage that is applied on one of the samples. This current
is known as the setpoint current. The controller measures tunneling cur-
rent that flows between the samples, and has a feedback system to keep it
constant.
3.1.2 Method
Sample preparation
The sample preparation is done by Amedeo Bellunato from the group of
Gregory Schneider.
We want graphene electrode deposited on a Si/SiO2 substrate, since
this material breaks over the crystalline lattice resulting in sharp edges.
However, the silicon substrate is conducting at room temperature and can
provide shorts if the insulating silicon-oxide layer is pierced. Therefore,
undoped Si/SiO2 is used in later research, since it is a non-conducting sub-
strate.
The two silicon wafers are placed on a platform with a slit some distance
apart as seen in figure 3.4.a. A patch of graphene is transferred from copper
via a polymer mediated method and is placed on the junction bridging the
gap. The polymer is facing downwards, see figure 3.4.a. We used two types
of polymer, polymethil methacrylate (PMMA) and polycarbonate (PCA).
In figure 3.4.b one can see the suspended graphene with polymer hang-
ing over the slit of the platform.
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Figure 3.4: a) Schematic interpretation of two broken silicon oxide wafers with
graphene (the hexagonal structure) and polymer, represented by the white colour,
on top bridging the gap between wafers. b) Optical microscope image of the
graphene and polymer suspended between the two silicon wafers on the hollow
holder. c) Schematic interpretation of two broken silicon wafers where graphene is
etched away and polymer has been removed. d) Optical microscope image of the
graphene edge. The inset shows the Raman spectra of the graphene after plasma
etching [19].
The graphene in the gap between the wafers was etched away by hy-
drogen plasma from the bottom up, using non-directional Reactive Ion
Etching. The silicon substrate is unaffected by the plasma, thus acting as
a shadow mask protecting the graphene on top of the wafers. Etching is
done in vacuum in the presence of a hydrogen gas for two minutes at a
pressure of 0.3mbar and a power of 30W. After the etching process there is
only polymer still bridging the gap .
The polymer is removed by placing them in chloroform for 12-14 hours
and are then rinsed using methanol and isopropanol afterwards. In this
way we obtain two separate graphene electrodes as seen in figure 3.4.c.
The inset graph in 3.4.d shows the Raman spectrum of the edge.
The samples are examined with an optical microscope to have an indi-
cation of the graphene quality and the amount of residual polymer on the
edge. Such an optical microscope picture can be seen in figure 3.4.d. The
polymer is represented by the light blue colour, which has been mostly re-
moved. The graphene appears to be all the way up to the edge, within the
resolution of the optical microscope.
14
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After the graphene samples were prepared, they were each electrically
connected to the sample holders with a copper wire using silver paste to
form an ohmic contact.
Alignment and approach
The next step is to align the samples. Since graphene has a thickness of only
one atom layer, it is impossible to align two samples when both are placed
horizontally. The solution to this problem is to rotate one graphene sample
as to create a point of intersection between the two samples. In addition,
both sample holders are tilted slightly to prevent silicon contributing to the
tunnelling current as seen in figure 3.2.
Before we started with the approach, we needed to reduce the mechan-
ical and electrical noise coming from the surroundings. Electrical noise is
reduced by the ground cable attached to the STM. The mechanical noise
from vibrations of the surroundings is reduced by using a suspended box.
The inside of this box is covered with noise cancelling foam.
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3.2 Results
We have performed Raman spectroscopy, SEM and AFM to research the
quality of the graphene electrodes. The results of these techniques are
shown in figure 3.5.
Figure 3.5: a) Combined Raman mapping of the D band at 1346cm−1 in red
colours, the blue colours are representing the G band at 1580cm−1, and the green
colours represent the 2D band at 2667cm−1. b) Raman spectra of two different
points on the edge of the wafer where the red, blue and green bands represent the
D,G and 2D bands, respectively. c) SEM image, of the graphene electrode edge. In
the top right corner is a high resolution magnification of a small part of the edge.
d) The height profile of the graphene in the vicinity of the edge obtained by using
AFM. The black area to the left indicates the end of the wafer. The inset is the
spectra of the white line seen in the left bottom corner of the graph in the height
profile [19].
Figure 3.5. a) shows the Raman mapping of a part of the graphene edge
on a SiO2 wafer and figure 3.5.b) is the Raman spectra of the two points
indicated in a).
As one can see in figure b, there are three peaks which describe the
quality of the graphene. The first peak, given by the red band, is the D
16
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peak (1346cm−1). The D peak are an indication for defects in the six-atom
ring structure [20]. The blue band corresponds to the G mode (1580cm−1),
which arises from the carbon-carbon bonds in graphitic materials [20]. The
blue band indicates the 2D mode (2667cm−1), which is an overtone of the
D peak. However, the 2D peak requires no defects and is always present,
since it originates from a process where two phonons with opposite wave
vectors satisfy momentum conservation [20].
The G and 2D peak show the uniformity of the graphene electrode up to
the edge (within resolution). However, there are some defects at the edge
which are depicted by the red on the edge. These defects are caused by
termination of carbon atoms at the edge. Hence detecting the defects, tells
us that Raman spectroscopy has been done at the edge of the wafer. We can
see that the height of the D peak in spot 2 is higher than in spot 1 which
indicates more defects in the molecular structure of the graphene in that
spot.
In figure 3.5. c) a SEM microscan has been performed on the edge of
the graphene electrode. The inset in the graph is a high resolution scan of
a small part of the edge. The uniformity of the colour contrast over the
imaged surface defends the claim that, within resolution, the graphene is
uniformly covering the wafer all the way up to the edge.
In figure 3.5.d) one can see the height image made by the AFM. The
lighter spots indicate the existence of either bi-layers of graphene or poly-
mer residue on the wafer’s surface. No annealing process has been per-
formed to reduce the amount of polymer residual. The heat results in
graphene retracting from the edge due to difference in thermal expansion
coe¨fficie¨nts of silicon and silicon-oxide.
The inset in the graph is the spectra of the height profile in the small
section given by the white line. The step-height in the line profile is around
2nm which is in agreement with the reported thickness of a graphene mono-
layer. The surface was imaged using tapping mode AFM [21]. The unifor-
mity in colour shows that the graphene is spread uniformly over the surface
and, reaches the edge within resolution.The lateral resolution of the AFM
is defined by the tip-radius. Therefore, we have proceeded with electrical
measurements in order to ultimately confirm that the graphene reaches the
edge of the SiO2 wafer.
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Figure 3.6: On the left: current as a function of piezo voltage (black line) fitted with
exponential decay function (red line). On the right: current as a function of the bias
voltage (black line) fitted with the formula for symmetric tunnelling barrier (red
line) [22]. From up to down: graphene-gold junction ( a), b) ), graphene-graphene
junction ( c), d) ). All graphs are obtained with a bias voltage of 0.5V and a current
setpoint of 1nA.
The figures 3.6.a and 3.6.c show exponential dependence of the current
on the distance between a gold and graphene electrode and two graphene
electrodes respectively. It tells us that we are working in the tunnelling
regime.
Having a symmetric system makes for a symmetric current as a function
of bias voltage so the bias dependence of the current should be symmetric.
However, some of the IV spectra we have taken were slightly asymmetric.
The asymmetry could be caused by the dangling bonds of the graphene.
When etching the graphene between the two silicon wafers, the bonds of
the graphene at the edge are exposed to hydrogen from the plasma As a
result, most carbon atoms on the edge bind with hydrogen. The different
types of molecules at the edge can provide an asymmetric system.
Another remarkable feature in the IV graphs is the increase of noise with
increase of the magnitude of the bias voltage. This is caused by the DC
bias voltage which introduces shot noise to the system in the way seen in
18
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equation 3.1 [23].
S =
2e3
pih¯
|V|∑
n
Tn (3.1)
where S is shotnoise, which depends on the charge of a single electron,
the reduced Planck constant h¯, the magnitude of the bias voltage V and the
flow through electron channels Tn. One can see, if the magnitude of the bias
voltage rises, the noise becomes larger which is shown in the IV graphs in
figure 3.6.
Figure 3.7: Current as a function of bias voltage for different setpoint values. IV
curve with a setpoint of a) 0.2nA, b) 1.0nA, and c) 2.0nA, d) IV curve with set-
point 0.80nA where the red line is the trace of the IV curve sweeping from -1V to
+1V and the black line represents the retrace swept in opposite direction
When tunnelling junctions have a different setpoint, the width of the in-
sulating barrier differs. The result of it can be seen in figure 3.7. A larger
setpoint leads to a smaller gap distance between the electrodes. The graphs
also show that by increasing the current setpoint, the level of noise in the
graph also increases. This is caused by current shot noise which is de-
scribed in equation 3.2. [23]
S f ( f ) = 2eI0 (3.2)
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This type of noise is only depending on the charge of a single electron
and the average electric current. In the STM the average current is equal to
the current setpoint. So a rise of the current setpoint will induce more noise
as one can see in the graphs in figure 3.7.
Graph d is obtained when sweeping the bias voltage at a high rate. The
junction between the two electrodes works as a capacitor which has a cer-
tain RC time. If the sweep rate of the bias voltage is faster than this RC time,
the capacitor is not completely charged or discharged at the point where no
bias voltage is applied to the system. This results in a nonzero current at
zero bias voltage. This phenomenon is called hysteresis. The problem can
be solved by lowering the sweep rate.
Figure 3.8: : Graphs a) Quantum of conductance measurements done at a setpoint
of 0.2nA and a bias voltage of 100mV, using Iz spectroscopy. b) Is the zoom in of
figure a) around the initial position (Vpiezo = 0V).
When the graphene electrodes get into point contact, the current char-
acteristics change from the tunnelling to direct contact. This can be seen in
figure 3.8 where the current is a function of the voltage applied on the piezo
. From right to left, it starts with an exponential increase in the current as
has been seen before which then slows down and becomes flat around 8uA.
Ideally, when a quantum of conductance measurement is performed one
should see quantized steps in the conductance [24]. However, the classic
types of conductance measurements are done with metal point contacts. In
this experiment it is done with graphene on of a Si/SiO2 substrate. Only
a few atoms can touch and form a contact once the Si wafers come into
direct mechanical contact and the electrodes would not be able to move
any further.
The other reason why there are no quantized steps in the conductance
is because of the bonds with other atoms on the edge of the graphene elec-
trodes. The graphene on the edge have dangling bonds after the ion etching
method. These bonds are again saturated with atoms from the surround-
ing, which are mostly hydrogen and oxygen. These atoms prevent direct
20
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contact between the graphene molecules, which can result in a more linear
increase of the conductance than a discrete quantization of the levels.
However in graph a) there can be seen a sudden increase in the current
around a value of 6µA.This does look like a step which one would expect
when crashing two electrodes into each other.
When the piezo voltage is zero, the electrodes are in their original po-
sition. This is the position where the current between the electrodes is
the current setpoint given by the RHK. For graph b this should be 0.2nA
(=0.0002uA) . However, the measured current is higher than the inserted
setpoint. There are several explanations for this phenomenon.
The first one would be that the resolution of a preamplifier with a gain
of 106 is too low to be able to distinguish a current of 0.2nA.
Another explanation would be thermal drift kicking in during the sweep-
ing process.
The current as a function of piezo voltage lost its exponential depen-
dence and became linear when the electrodes were at a tunnelling distance.
This is probably due to damage of the graphene. When the graphene elec-
trodes get into point contact, the atoms at the edge get mechanically dam-
aged by repeatedly crashing into each other. Hence, when the distance be-
tween the electrodes is increase, atoms can be pulled away from the edge.
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CHAPTER 4
SINGLE NUCLEOTIDES
4.1 Methodology
4.1.1 Method
The very first step we had to take in order to detect single nucleotides was
measuring a tunnelling current between the graphene electrodes.
Two main methods were suggested to detect single nucleotides. The
first method is done by Tsutsui et al [1]. They kept the graphene samples a
fixed tunnelling distance with the use of feedback. Slow feedback is used
in order to be able to detect fast changes in the current. A droplet of dis-
tilled water with nucleotides in concentration of 5µM, is placed on top of
the graphene junction bridging the two electrodes as seen in figure 4.1.The
current is measured as a function of time and when a nucleotide falls in
between the electrodes, the conductance of the insulating barrier changes,
which is perceived as a spike in the current [1]. These spikes are filtered
out and were processed into conductance histograms. A conductance his-
togram is singular for every molecule, hence the conductance histogram
provides information about the molecule detected in the tunnelling junc-
tion.
The second method is the measurement of conductance traces by vary-
ing the distance between the graphene electrodes [2]. When the graphene is
within tunnelling distance, the current decays exponentially with a increase
of the gap distance. However, if a nucleotides ends up in the junction, there
will be a plateau in the conductance trace [2]. The conductance value of this
plateau corresponds to the conductance of the nucleotide bridging the gap
which is characteristic for every molecule. The solution used for this exper-
iment is 5µM of one of the nucleotides in Milli-Q water.
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Figure 4.1: Schematic interpretation of the water droplet on placed on the tun-
nelling junction.
A humid environment needs to be created to make sure the water does
not evaporate.
4.1.2 Experimental set-up
The experimental set-up for this experiment is the same as been described
in chapter 3.The only difference made is in the isolation of the STM system.
Up and till now a suspended box has been used in order to reduce the me-
chanical noise from the surrounding. However, the noise level is needed
to become lower in order to be able to recognize any signal from the nu-
cleotides and the electrical noise appeared to be the biggest noise source.
Therefore, we have decided to use a Faraday cage to shield the system
consisting of the STM from external electrical noise. A Faraday cage is
consists of a conducting material which distributes charge within in such a
way that disturbances from external electric fields are nullified.
Since the STM is still in contact with RHK controller there has to be a
feedthrough from the outside of the cage to the inside. This does not dis-
turb the equipotential inside the Faraday cage, because all the cables which
are fed through are connected to the outside of the cage, hence all distur-
bances coming from the cables are accounted for as well.
24
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4.2 Results
The switch in noise isolation to the Faraday cage reduced the measured
noise in the current by an extraordinary amount. The peak to peak distance
measured of the noise inside the Faraday cage was ±40pA. In conclusion,
most noise from the surrounding happens to be electrical noise, since the
Faraday cage is made to shield its insides electrically off from the outside
world.
Unfortunately, we have not managed to detect single nucleotides. This
has two reasons. The first one is the insufficient performance of the graphene
electrodes. The tunnelling current is supposed to decay exponentially with
increase of the gap distance. However, current between the graphene sam-
ples that we used in this experiment only showed horizontally linear de-
pendence on the piezo voltage. The value of the current was the setpoint.
Due to the poor quality of the graphene we had decided to switch from
graphene to gold. The quality of the gold junction was sufficient to use for
the detection on nucleotides 4.2.
Figure 4.2: a) Current, in a gold-gold junction, as a function of piezo voltage mea-
sured with IZ spectroscopy(black line) The obtained data is fitted with an expo-
nential decay function (red dashed line). b) Current as a function of bias voltage
(black line) fitted with Simmon’s model for symmetric barrier (red line) [22]. Both
graphs are obtained with a bias voltage of 0.5V and a current setpoint of 1nA.
Before the solution with nucleotides was placed over the junction, mea-
surements were done with Milli-Q water sans nucleotides. These mea-
surements were supposed to be used as a control experiment for the nu-
cleotides. However, when the water was added to the junction the current
would reach saturation before decaying again. This phenomenon is shown
in figure 4.3. The decay of the current is not a tunnelling property, since the
distance between the samples was larger than the tunnelling distance.
The two electrodes act like a capacitor, since the distilled water is not
completely free of ions and they are moving from one electrode to the other.
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Coupled with the resistance of the insulating barrier in between it forms a
RC circuit. Distilled water does consist of ions and when placed on the
junction, they charge the capacitor. Subsequently the capacitor discharges
by changing the charge distribution between the electrodes. This is ob-
served as first a sudden increase of the current which decays exponentially.
The time it takes for a capacitor with capacitance C to discharge through a
resistor with resistance R is called the RC time.
Figure 4.3: Current as a function of time after the placement of distilled water on
a gold-gold junction. The samples were out of tunnelling distance. (Too far away
to have tunnelling)
The solution to this phenomenon is simply keeping the bias voltage con-
stant, since then the current will keep decaying until the charge is redis-
tributed.
26
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CHAPTER 5
CONCLUSION / DISCUSSION
In conclusion, by obtaining IV and Iz spectra we have confirmed the pres-
ence of a tunnelling current between two graphene electrodes at a tun-
nelling distance. We have also established the reproducibility of this method.
Further we have measured the transition of the current from the tunnelling
distance to point contact. After a couple of measurements, the current be-
came less exponential. This is probably due to graphene damage, by bring-
ing the electrodes into contact where the carbon atoms on both sides bond
to each other.
Unfortunately, we have not been able to detect single nucleotides using
either method described in the previous chapter. There are several causes.
One of them is the poor quality of the graphene electrodes used in this
experiment. The current as a function of piezo voltage should be exponen-
tial as seen in figure 3.6 but the current was constant with this particular
set of samples. The current has an offset which coincides with the setpoint.
Non exponential Iz curves can be caused by either by lack graphene at the
substrate’s edge or polymer contamination on the edge.
We have investigated the preparation process to see what could be the
cause of the bad electrical signal of the graphene electrodes. We have con-
firmed that etching parameters affect both the graphene edge coverage, as
well as the presence of large amounts of polymer residue that could prevent
samples from giving proper electrical signal. As has been stated, the time
used to etch away the graphene was two minutes. However, this time has
been chosen on basis of literature where graphene on copper was etched.
The removal of graphene of polymer should take less time, since polymer
unlike copper cannot deflect any charged particles. Non-directional etch-
ing means that not only the graphene gets etched straight, but also gets
etched at the edges as depicted in figure 5.1. Hence, etching for a long
enough time can remove the graphene too far from the edges and thus re-
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duces the quality of the electrodes.
Long time etching does not leave the polymer unaffected as seen in fig-
ure 5.1. Comparison by eye, between hydrogen etched graphene and those
without exposure to plasma shows the etched electrodes to be more con-
taminated by polymer. The reason for this is that the polymer becomes
insoluble when exposed to plasma. The insolubility makes it difficult to
clean the samples from the affected polymer, hence leaving residue. Con-
sequently, the residual polymer can deposit itself onto the edge during the
cleaning procedure.
The presence of polymer on the edge of the sample is the most probable
cause. If the cause would be the graphene itself, the current would drop to
zero very quickly because the electrodes needed to be very close in order to
detect a tunnelling current. However, the current shows horizontally linear
dependence of the current around its setpoint. The modified structure of
the polymer [25] could have increased adhesion properties. The residuals
on the edge would not only prevent the electrodes from getting closer, but
also prevent from them to move away when not a high enough force is
applied. Hence the current stays constant by small changes in the piezo
voltage.
Figure 5.1: On the top: schematic representation of non-directional etching of a
graphene bridge. On the bottom: schematic representation of non-directional etch-
ing after a time span of two minutes. The Si/SiO2 wafers remain unaffected by
the hydrogen plasma.
There have been done tests on direct oxygen plasma etching of a graphene
bridge on a polymer substrate. We have chosen the directional etching
method, because this removes the possibility to etch away the graphene on
the edges. Oxygen plasma, just as hydrogen, does not affect the Si/SiO2
substrate. After the tests it has been found out that graphene on PCA gets
28
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completely removed in four seconds.
Since the graphene electrodes were not performing to satisfaction we
have decided to switch to gold. However, when the droplet of distilled
water was deposited there was a redistribution of charge with effect on the
current as seen in figure 4.3. The problem we are facing is that the RC time
is in the order of an hour, which lead to the problem of the discharging tak-
ing more time than it took for the water droplet to evaporate.
To prevent the evaporation the STM was placed in a humid environ-
ment. Piezo stacks are susceptible to humidity and can get damaged if
the said humidity is too high. Therefore we have the problem that there
is a humid environment is needed to maintain the droplet of solution, al-
though the humidity can damage the piezo stacks.
Hence, for further research it is important to find a solution to the prob-
lem of the piezo stacks. The most probable one is to find a way to protect
the piezo stacks by shielding them.
In order to decrease the RC time, we consider the addtition of salt to
distilled water would decrease the RC time. Considering the salt decreases
the resistivity of the insulating barrier. However, adding salts to the water
can create a current when high bias voltages (more than 100mV) is applied.
First of all junction tests for the new method of graphene etching to com-
pare if the amount of residual polymer has decreased and if the success rate
increases.
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